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Abstract: In railway network, friction is an important factor to consider in terms of the service behaviors of
wheel-rail system. The objective of this study was to investigate the effect of a solid friction modifier (FM) in a
railway environment. This was achieved by studying the friction, wear, and rolling contact fatigue (RCF)
damage on the wheel-rail materials at different slip ratios. The results showed that when a solid FM was
applied, the friction coefficient decreased. After the solid FM was separated from the wheel-rail interface, the
friction coefficient gradually increased to its original level. With the application of the solid FM, the wear rates
of the wheel-rail decreased. In addition, the thickness and hardness of the plastic deformation layers of the
wheel-rail materials were reduced. The worn surfaces of the wheel-rail were dominated by pits and RCF cracks.
Without the FM, RCF cracks ranged from 84 to 120 μm, and subsurface cracks were generated. However, with
the FM, RCF cracks ranged from 17 to 97 μm and no subsurface cracks were generated. These findings indicate
possible methods of improving the performance of railway rolling stock by managing friction, and reducing
wear and permanent RCF damage affecting both the wheels and rails.
Keywords: wheel-rail; solid friction modifier (FM); friction; wear; rolling contact fatigue (RCF) damage

1

Introduction

In railway network, an appropriate friction level can
accelerate and decelerate a train. However, low friction
can cause serious safety problems [1, 2]. Meanwhile,
the initiation and propagation of rolling contact fatigue
(RCF) cracks on railway wheels are serious problems
in the field [3, 4]. Experiments and calculation models
for degraded friction [5] and wear and RCF [6] have
been studied recently. The friction level at the wheelrail interface played a significant role in traction and
braking.
A friction coefficient of the wheel-rail interface that
is too low (less than 0.1) causes poor friction for trains
during braking, which can result in safety issues by

increasing the braking distance [7]. However, a high
friction coefficient under dry conditions (0.5–0.8) could
have a negative effect on train operations when
braking and accelerating, or cause surface damage
(RCF or wear) [8]. Friction modifiers (FMs) can be
applied to the top surface of the rail to achieve
intermediate friction coefficient (0.3–0.4) in the third
body layer. This reduces wear and surface damage by
reducing the traction forces without compromising
the braking or friction functions. Furthermore, a FM
can be used in some critical sections (such as curves)
to reduce the friction coefficient, however they would
not be applied at inclines where higher friction
levels would be needed for traction and braking.
Friction control at the top of the rail has been used in
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railway maintenance using liquid or solid FMs at the
wheel-rail interface to reduce the friction coefficient,
thereby reducing the wheel-rail wear, damage, and
noise [9–13].
FMs can be applied by trackside applicators or from
train-mounted systems, which are popular because
no access to the track is required and the amount of
FM used can be easily controlled. Considering the
classification, top-of-rail FMs are available in the form
of solid sticks, liquids/solutions, foam, and gels [14].
In addition, FMs for applications are divided into
passenger transit (conventional trains), high-speed
railways, freight corridors, and mixed traffic. The
solid form of FM, often referred to as high positive
friction (HPF) [14, 15], is provided with the active
components embedded in a thermoset polymeric
matrix, and the HPF sticks are applied directly to
the wheel tread. Then, under load via a constant
force spring, the HPF stick material is transferred to
the wheel, and the resin material oxidizes under high
temperatures at the wheel-rail interface. This leaves
a thin film of the dry solid FM, which plays a role in
managing the friction coefficient at the wheel-rail
interface.
Third bodies applied to the rail head or wheel
tread surfaces, such as deliberately applied sand, can
compromise the wheel-rail electrical contact and result
in loss of train detection owing to the resistance of
third body layers in wheel-rail contact (wheel-rail
isolation) [16]. However, the HPF solid modifier does
not cause wheel-rail isolation [14].
Water-based friction management has some
disadvantages [17], including quicker vaporization in
high-contact-temperature scenarios, such as high axle
loads, hot weather, and tight curves. Furthermore,
Eadie et al. [13] studied a water-based suspension
called Keltrack and found that the FM application had
a very small pass effect compared to dry conditions.
There is an optimum amount of FM and increasing
application beyond this amount has no extra benefits.
FMs can be used to increase or decrease the friction
level at wheel-rail interfaces. Many FMs have been
used to increase the friction level at the wheel-rail
interface [18, 19], and Lewis et al. [14] summarized
that FMs could also been applied to decrease the high
friction coefficient (0.6–0.7) to an intermediate level

(0.3–0.4), in ways that will improve the braking or
accelerating process.
RCF is one of the most common types of damage
occurring on wheel-rail surfaces [20, 21]. RCF damage
is influenced by many parameters, including wheel-rail
materials, loading pressure, lubrication, and running
conditions [8, 22]. Meanwhile, the wear and RCF
mutually affect each other [23, 24]. Through simulations
and experiments, Donzella et al. [25] and Guo et al. [26]
found that wear could eliminate RCF cracks on
wheel-rail surfaces. A sensitivity analysis showed that
the probability of fatigue failure was dependent on the
fatigue strength and material defect distribution [27].
The application of a developed criterion for predicting
the crack growth for different loading states showed
good agreement with the experimental results [28].
It should be noted that the improper application of
liquid media (such as liquid lubrication or liquid
FM) to the wheel-rail surfaces might accelerate the
development of RCF cracks and damage [29, 30] due
to hydro-pressurization. Hardwick and Lewis [31]
studied the effects of liquid FMs on pre-existing RCF
damage cracks and found that a lower viscosity caused
faster crack growth. Solid FMs are attracting increasing
attention owing to their convenient installation and
application. However, the effect of a solid FM on RCF
damage has not yet been systematically explored.
In this study, a solid FM is developed. The wheel-rail
rolling-sliding tests were conducted with and without
solid FM on the MMS-2A rolling-sliding test machine.
The effect of a solid FM on friction, wear, and damage
was studied. Meanwhile, the RCF surface cracks
and subsurface cracks were explored in detail using
microscopic methods.

2

Experimental

All tests were performed under dry conditions using
an MMS-2A rolling-sliding test machine (Jinian Yihua
Tribology Testing Technology Co., Ltd., China), which
was previously used in the wheel-rail contact studies
[18, 32], as shown in Fig. 1. The upper specimen (wheel
roller, 7 in Fig. 1) and lower specimen (rail roller, 6 in
Fig. 1) were powered and controlled by the directcurrent motor (DC motor, 1 in Fig. 1) through the
transmission gears. Different rotational speeds of the
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Table 1
Material

Chemical compositions of wheel-rail materials (wt%).
C

Si

Mn

P

S

Wheel

0.67–0.77 0.15–1.00 0.60–0.90

≤ 0.03

0.005–
0.040

Rail

0.71–0.80 0.50–0.80 0.70–1.50

≤ 0.03

≤ 0.03

upper and lower specimens were achieved by changing
the gear pairs. There are six gear pairs to perform
six different slip ratios, 0.17%, 0.91%, 2.38%, 3.83%,
4.55%, and 9.43%, respectively. The upper roller is
fixed in a swinging bracket, to which a normal
force can be applied by a compressed spring. The
tangential and normal forces at the wheel-rail interface
were measured and recorded automatically on a
computer using a torque sensor (3 in Fig. 1, TQ-660,
Beijing Shitongkechuang Technology Co., Ltd., China,
0–15 N·m) and a load sensor (11 in Fig. 1, LC-7,
Putianshi Hongfei Sensor Co., Ltd., China) (0–2 kN,
measurement error ±5%). The test apparatus monitors
the parameters of vertical load, friction moments,
and friction coefficient in the entire process via a
computer program (10 in Fig. 1) and records the
parameter variation in real time.
The diameters of the wheel-rail rollers were 40 mm,
with a contact width of 5 mm (Fig. 2). Wheel-rail rollers
were cut from the CL60 wheel tread and the U75V
rail head, respectively. The chemical compositions
of the wheel-rail materials are listed in Table 1. The
solid FM investigated in this study was developed by
us. The composition and production processes are as
follows. The composition was polytetrafluoroethylene
(PTFE, 40 wt%) + molybdenum (MoS2 100–300 mesh,

30 wt%) + talcum (10 wt%, 100–300 mesh) + carbon
fiber (20 wt%). The production processes were as
follows: PTFE, MoS2, talcum, and carbon fiber powders
were mixed, dried for 10–15min at 60–90 °C, and then
pressed into a solid cylinder (3–5 MPa, 20–30 min).
During the test, the rotational speed of the rail
roller, vrail, was 200 rpm. The rotational speed of
the wheel roller, vwheel, was lower than that of the rail
roller. The slip ratios ((vrail–vwheel)/vrail) were 0.17%,
0.91%, 2.38%, 3.83%, 4.55%, and 9.43%, respectively.
A normal force of 1,100 N was loaded on the wheel
roller, leading to a contact pressure of 900 MPa between
the wheel-rail rollers. The solid FM was pressed on
the wheel surface with a dead weight (Fig. 3). The
contact force between the solid FM and the wheel
roller was 10 N.
Two groups of tests were conducted. The first
group, Group 1, was designed to study the effect of
the solid FM on the friction coefficient. Tests were
carried out under dry conditions without the FM for
3 min, and then the solid FM was pressed on the
wheel roller for a further 3 min. The solid FM was
then separated from the wheel surface and the tests
were continued for approximately 15 min. The second
group, Group 2, was designed to explore the effect of
the solid FM on the wear and damage of the whee-rail
materials. Tests were conducted under dry conditions
without the FM for 100 min, and then the solid
FM was pressed on the wheel surface and tests
were continued for a further 200 min. For the tests in
Group 2, the slip ratio was 0.91%.

Fig. 2 Geometries and sampling positions of wheel-rail rollers.

Fig. 3 Feeding method of solid FM on wheel-rail interface.

Fig. 1 MMS-2A rolling-sliding test machine. 1-DC motor; 2-belt;
3-torque sensor; 4-driving shaft gear; 5-revolution sensor; 6-lower
specimen (rail roller); 7-upper specimen (wheel roller); 8-driven
shaft gear; 9-controller; 10-computer; 11-normal force sensor.
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The wheel-rail rollers were ultrasonically cleaned
in ethanol, dried, and weighed using an electronic
balance (TG328A, Shangtian Precision Instrument Co.,
Ltd., China, measurement accuracy: 0.0001 g) before
and after testing. The wear rate of the wheel-rail roller
was defined as the ratio of weight loss to rolling
distance (μg/m). The hardness of the wheel-rail rollers
was measured using a Vickers hardness instrument
(MVK-H21, Akashi, Japan). The worn surfaces and
RCF cracks were inspected using an optical microscope
(OM, BX60M, Olympus, Japan) and a scanning
electron microscope (SEM, JSM-7001F, JEOL Ltd.,
Japan).

3
3.1

Results
Friction coefficient

Figure 4 shows the changes in the friction coefficient
from the tests in Group 1. In the first 3 min of contact
under dry conditions for the six different slip ratios,
some tiny cracks were generated in the new wheel-rail
rollers. This closely resembles the service state of the
wheel-rail surfaces in the field. Conversely, if a solid
FM is applied to a new wheel-rail interface, it is difficult
to initiate surface damage. Hardwick et al. [31] has
demonstrated the benefits of pre-existing RCF cracks
for this solid FM friction management experimental
study. The friction coefficients were relatively high.
When the solid FM was applied after 3 min, all the
friction coefficients decreased. After the solid FM was
separated after 6 min, the friction coefficient increased
gradually to its previous level.

Based on the friction coefficient curves (Fig. 4), the
average friction coefficients under dry conditions
without any FM (0–3 min) and with the solid FM
applied (3–6 min) could be obtained, as shown in Fig. 5.
It is clear that as the slip ratio increases, the friction
coefficient increases sharply when the slip ratio is less
than approximately 1%, and then remains relatively
stable when the slip ratio is greater than 1%. When a
solid FM was applied, the stable friction coefficient
decreased from the range of 0.4–0.5 to 0.2–0.3.
As shown in Fig. 4, after the FM was separated from
the wheel surface, the friction coefficient remained
relatively low and then increased gradually, which
means that the FM continued to work at least partially,
for a period of time. The time before the friction
coefficient recovered to the level before the application
of the FM was defined as the retention time. Figure 6
shows the retention time for different slip ratios. It is
clear that as the slip ratio increases, the retention time
of the solid FM decreases.
3.2

Wear of wheel-rail materials

To explore the effect of the solid FM on the wear and
damage of wheel-rail materials, tests were performed

Fig. 5 Average friction coefficient as a function of slip ratio.

Fig. 4 Friction coefficient as a function of time.

Fig. 6 Retention time as a function of slip ratio.
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without the FM for 100 min, and then continued for
200 min with or without the FM at a slip ratio of
0.91%. Figure 7 shows the wear rates of the wheel-rail
rollers. The wear rate γ in the test was defined by the
following equation:
γ=

γa - γ b
L

(1)

where γa and γb are the sums of the weights of the
wheel-rail rollers before and after the wear tests,
respectively, and L is the rolling contact distance
between the wheel-rail rollers. With FM, the wear rates
of wheel-rail were decreased to 50% and 65% of those
without FM.

Figure 9 shows the hardness of the cross sections of
the wheel-rail rollers. With the solid FM, the surface
hardness values of the wheel-rail rollers were clearly
lower than those under the dry conditions without
the FM. Meanwhile, the hardness gradually decreased
with depth increasing. Furthermore, with the solid
FM, the decrease in hardness was sharper. Thus, the
hardening layers on the wheel-rail rollers with the
application of solid FM were thinner than those
without FM. Figure 10 shows the plastic deformation
of the wheel-rail materials. With the solid FM, the
thicknesses of the plastic deformation layers of the
wheel-rail materials (60–70 μm) were smaller than those
under the dry conditions without the FM (80–100 μm).
The plastic deformation and hardening behaviors are
closely related to the friction coefficient. Under cyclic
rolling-sliding tests, the friction force led to the plastic
flow of the wheel-rail materials. The microstructures

Fig. 7 Wear rates of wheel-rail.

3.3

Surface and subsurface damages

Under dry conditions without the FM, the worn wheel
surface was relatively smooth with some pits. The
surface damage of the rail was more severe than that
of the wheel surface. Figure 8 shows OM images of
the worn surfaces on the wheel-rail rollers under dry
conditions with the FM. The OM observations indicate
that the application of the solid FM had no apparent
effect on the wheel damage, and only a few small pits
were observed, however there was slight rail damage.

Fig. 8 OM images of worn surfaces with solid FM applied:
(a) wheel and (b) rail.

Fig. 9 Hardness of wheel-rail as a function of depth.

Fig. 10 Plastic deformation without FM applied: (a) wheel and
(b) rail; with solid FM applied: (c) wheel and (d) rail.
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were deformed, broken, and refined under cyclic loads,
resulting in work hardening. With the application
of the FM, the friction coefficient was lower; thus, the
plastic deformation layer and hardness value were
also lower.
Figure 11 shows the OM images of the RCF cracks
on the cross sections of the wheel-rail roller. With the
solid FM, Figs. 11(a) and 11(b) show that fewer cracks
were generated than those without FM. Meanwhile,
as shown in Fig. 11(b), more cracks were generated
on the rail roller than on the wheel roller. The length,
depth, and angle of the RCF cracks were measured, as
shown in Fig. 12. The depth of the cracks decreased
on the wheel rollers, but there was almost no change
on the rail rollers. Under cyclic normal and friction
forces, plastic deformation accumulates. When the
surface shear stress exceeded the strain limit of
the wheel-rail materials, cracks were initiated and
developed further.

In the current study, under dry conditions without
the FM, the cracks tended to propagate along the
plastic deformation line. Subsurface cracks were also
generated. Figure 13 shows SEM images of RCF cracks
on the wheel-rail roller with the FM application. It
can be seen that the RCF crack fractured under cyclic
loads, leading to wear loss of the material. With the
solid FM applied as shown in Figs. 13(a) and 13(b),
the RCF damage was milder and no subsurface
cracks were observed. Owing to the friction force, the
maximum stress occurred at the subsurface. Without
the FM, the friction force was high, which promoted
the generation of subsurface cracks. With the FM, the
friction force was low; thus, cracks tended to initiate
at the surface.

Fig. 13 SEM images of RCF crack with solid FM applied:
(a) wheel and (b) rail.

4 Discussion
Fig. 11 OM images of RCF cracks on cross sections with solid
FM applied: (a) wheel and (b) rail.

4.1

Fig. 12 RCF cracks: (a) length, (b) depth, and (c) angle.

It is clear that the FM caused the friction coefficient to
decrease (Figs. 4 and 5). The decrease rates were
approximately 61%, 50%, 37%, 35%, 37%, and 46% for
the slip ratios of 0.17%, 0.91%, 2.38%, 3.83%, 4.55%,
and 9.43%, respectively. The reduction in the friction
coefficient was due to the lubrication properties of
PTFE and MoS2, which were the main compositions
of the solid FM. After the solid FM was separated
from the wheel roller, the friction coefficient did not
return to a high level immediately. It remained
relatively low and then gradually increased (Fig. 4).
This is because when the FM was separated, the FM
material remained on the wheel-rail surfaces or trapped
in the micro-concaves as shown in Fig. 14(b). The
residual material decreases the friction for a period of
time (the retention time). This means that solid FM
can be applied periodically. With an increase in the
slip ratio, the friction force (Fig. 5) increased and the

Effect of solid FM on friction
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Fig. 14 Effect of FM on RCF cracks: (a) liquid and (b) solid.

wear of the wheel-rail surfaces increased as well [26];
therefore, the residual FM was removed more rapidly
as the slip ratio increased and the retention time
decreased accordingly (Fig. 6).
4.2

Effect of solid FM on RCF damage

The RCF of the wheel-rail materials is mainly caused
by cyclic loading on the wheel-rail interface. Under
the condition of cyclic contact loading, each cycle of
the rolling contact load causes plastic deformation
and material hardening. The plastic flow and strain
hardening of wheel materials can accumulate up to
failure, which can lead to the generation of fatigue
cracks and even RCF failures [33]. Thus, thin flakes of
material were detached, causing wear of wheel-rail
materials [34–36]. With the increase in cumulative
plastic deformation, tiny fatigue cracks may initiate
on the roller surface if the stress in the contact zone
exceeds the elastic shakedown limit of the wheel-rail
materials. In addition, the maximum shear force
occurs on the contact surface of the wheel-rail under
dry conditions. FMs can be applied to the top of the
rail to achieve an intermediate friction coefficient in
the third body layer. This reduces the traction forces
without compromising the braking or friction.
In the current study, compared with the wheel-rail
interface without FM, the tangential force (i.e., the
friction coefficient multiplied by the constant normal
force) with the solid FM decreased by approximately
50% (under a slip ratio of 0.91%, Fig. 5). Thus, the
plastic deformation (Fig. 10) and hardening (Fig. 9)
were milder. The average length of the RCF cracks
decreased (Figs. 12 and 13), and the wear rates of
the wheel-rail materials decreased (Fig. 7). Thus, the
application of the solid FM decreases the friction
coefficient and alleviates the wear and RCF damage
of the wheel-rail materials.
Both liquid and solid FMs are used on trains. In

our previous studies, we found that the liquid FMs
(or liquid lubricants) could decrease the friction
coefficient, but they might lead to severe RCF damage
to the wheel-rail surfaces if improperly applied [37].
This is because the liquid can easily flow into the
cracks, as shown in Fig. 14(a). When one surface
moved against the crack opening direction in the
other surface, the crack mouth was first closed, and
then the trapped liquid caused a high hydro-pressure
under the normal force that accelerated the growth of
RCF cracks. For the solid FM as shown in Fig. 14(b),
the FM does not easily flow into the cracks; thus, severe
RCF damage can be avoided during the rolling-sliding
condition. Therefore, solid FMs should have more
suitable applications in the field because of the
reduction in both friction and RCF damage.
From the results, it can be seen that using the
new FM can effectively decrease the wear and RCF
of wheel-rail surfaces. Simultaneously, the FM is also
a third-body medium (like other foreign objects, such
as sand, leaves, and contaminants). Our study can
be used to support the wheel-rail contact model
considering friction and RCF under a third-body
medium. This would be helpful to further understand
the phenomenon of wheel-rail friction coefficient in
the presence of a third medium.

5

Conclusions

1) The friction coefficient was dependent on the
slip ratio and solid FM. With an increase in the slip
ratio, the friction coefficient increased sharply when
the slip ratio was below 1% and then remained stable.
When solid FM was applied, the friction coefficient
decreased. After the solid FM was separated from the
wheel-rail interface, the friction coefficient increased
gradually, and the retention time decreased with the
slip ratio.
www.Springer.com/journal/40544 | Friction
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2) With the application of the solid FM, the wear
rates of the wheel-rail were decreased to 50% and
65%, respectively, of those without FM at a slip ratio
of 0.91%. The thicknesses of the plastic deformation
layers of the wheel-rail were reduced from 80–100 μm
to 60–70 μm. The surface hardness of the wheel-rail
decreased from 600–700 HV0.05 to approximately
550 HV0.05.
3) The worn surfaces of the wheel-rail were
dominated by pits and RCF cracks. With the application
of the solid FM, the average lengths of cracks were
reduced from 84–120 μm to 17–97 μm. Meanwhile,
subsurface cracks were generated in the absence of
the FM, but no subsurface cracks were observed with
the application of the solid FM.
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